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[1] The interaction between the moons and the magne-
tosphere of giant planets sometimes gives rise to auroral
signatures in the planetary ionosphere, called the satellite
footprints. So far, footprints have been detected for Io,
Europa, Ganymede, and Enceladus. These footprints are
usually seen as single spots. However, the Io footprint,
the brightest one, displays a much more complex morphol-
ogy made of at least three different spots and an extended
tail. Here we present Hubble Space Telescope FUV images
showing evidence for a second spot in the Ganymede foot-
print. The spots separation distance changes as Ganymede
moves latitudinally in the plasma sheet, as is seen for the
Io footprint. This indicates that the processes identiﬁed at Io
are universal. Moreover, for similar Ganymede System III
longitudes, the distance may also vary signiﬁcantly with
time, indicating changes in the plasma sheet density. We
identiﬁed a rapid evolution of this distance 8 days after the
detection of a volcanic outburst at Io, suggesting that such
auroral observations could be used to estimate the plasma
density variations at Ganymede. Citation: Bonfond, B.,
S. Hess, F. Bagenal, J.-C. Gérard, D. Grodent, A. Radioti, J.
Gustin, and J. T. Clarke (2013), The multiple spots of the
Ganymede auroral footprint, Geophys. Res. Lett., 40, 4977–4981,
doi:10.1002/grl.50989.
1. Introduction
[2] Io, Europa, Ganymede, and Enceladus are known
to generate an auroral footprint on their parent planets
[Bonfond, 2012, and references therein]. At Jupiter, the mag-
netic dipole axis is tilted relative to the rotation axis. As a
consequence, the plasma of the inner magnetosphere, essen-
tially originating from Io’s volcanism, is concentrated along
the centrifugal equator which is inclined relative to the satel-
lite’s orbital plane. These moons constitute an obstacle for
this magnetospheric plasma which is nearly corotating with
the planet (see review by Jia et al. [2009]). This interac-
tion creates Alfvén waves which are carried away along the
magnetic ﬁeld lines, forming Alfvén wings. It is noteworthy
Additional supporting information may be found in the online version
of this article.
1Laboratoire de Physique Atmosphérique et Planétaire, Université de
Liège, Liège, Belgium.
2Department of Space Studies, Southwest Research Institute, Boulder,
Colorado, USA.
3LATMOS, IPSL, CNRS, UVSQ, UPMC, Guyancourt, France.
4LASP, University of Colorado Boulder, Boulder, Colorado, USA.
5Center for Space Physics, Boston University, Boston, Massachusetts,
USA.
Corresponding author: B. Bonfond, Laboratoire de Physique Atmo-
sphérique et Planétaire, Université de Liège, Allée du 6 Août, 17-B5c,
BE-4000 Liège, Belgium. (b.bonfond@ulg.ac.be)
©2013. American Geophysical Union. All Rights Reserved.
0094-8276/13/10.1002/grl.50989
that in a reference frame ﬁxed with the satellite, the Alfvén
wings are inclined relative to the magnetic ﬁeld lines
because of the ﬁnite velocity of the waves [e.g., Kivelson
et al., 2004]. On their path toward the planet, these waves
ultimately accelerate electrons which subsequently precipi-
tate into the atmosphere and create auroral emissions [e.g.,
Hess and Delamere, 2012].
[3] The present study focuses on the Ganymede footprint
(GFP). Like Io’s, the brightness of this footprint appears to
be controlled by the location of Ganymede in the plasma
sheet [Bonfond et al., 2013; Hess et al., 2013], but it
also experiences brightness ﬂuctuations on timescales of
10–40 min and of 1–3 min [Grodent et al., 2009]. Addition-
ally, the size of the spot ( 800 km) appears to be consistent
with the size of the whole Ganymede magnetosphere rather
than the size of the moon itself.
[4] While most footprints are observed as single spots, the
Io footprint, the brightest of all footprints, is known to be
made of at least three spots and a < 100ı longitude long tail.
One spot, the main Alfvén wing (MAW) spot, is attributed
to electrons being directly accelerated toward Jupiter in the
main Alfvén wing. The trans-hemispheric electron beam
(TEB) spot is associated with electrons accelerated away
from Jupiter in the main Alfvén wing. They form electron
beams along the magnetic ﬁeld lines and cross the equatorial
plane and part of them precipitate in the opposite hemi-
sphere, generating the TEB spot. Since these electrons are
not slowed down by the dense plasma in the equatorial plane,
the TEB spot is found either upstream or downstream of
the MAW spot, depending on the centrifugal latitude of Io
(see Animation S1 in the supporting information) [Bonfond,
2012]. On their way toward Jupiter, the Alfvén waves are
partially reﬂected at the density gradient outside the torus
and form a reﬂected Alfvén wing (RAW). The third spot,
always found downstream of the MAW spot, is associated
with the electrons accelerated directly toward Jupiter in the
RAW (see Animation S2). The tail is believed to be caused
either by ﬁeld aligned quasi-static electric ﬁelds powered by
the azimuthal acceleration of the quasi-stagnant plasma in
Io’s wake [Hill and Vasyliu¯nas, 2002; Ergun et al., 2009], or
by multiple reﬂections of the Alfvén waves downstream of
Io [Jacobsen et al., 2007; Bonfond et al., 2009].
[5] There is no reason why the Io footprint would be
fundamentally different from the others, and it is likely that
the other footprints are also made of several spots which
have not been identiﬁed yet. Here we report the ﬁnding of a
second spot for the Ganymede footprint, and we characterize
its location in order to identify its nature.
2. Image Processing
[6] This study is based on the data set of images of the
Jovian aurora acquired between 1997 and 2013 with the
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Figure 1. Polar projection of images acquired 14 min apart on 13 April 2007 (see Animation S3). On both images, the
Ganymede footprint is made of two spots indicated by the yellow arrows. The green arrow shows the MAW spot of the Io
footprint. The red arrows point at two emission patches associated with injection signatures. The spots associated with the
footprints moved by  8ı of longitude from one image to another while the patches remained approximately ﬁxed.
Far-UV Multi-Anode Microchannel Array channel on the
Space Telescope imaging Spectrograph (STIS) and the Solar
Blind channel of the Advanced Camera for Surveys (ACS)
on board the Hubble Space Telescope (HST). These images
were acquired either with the clear and the strontium ﬂuoride
ﬁlters on STIS or with the F115LP and the F125LP ﬁlter on
ACS. The platescale is of 0.02482 arcsec2/pixel on STIS and
0.034  0.030 arcsec2/pixel on ACS, corresponding to  75
and  120 km/pixel, respectively. The point spread function
is 2–3 pixels wide on both instruments.
3. Results
3.1. The Nature of the Secondary Spot
[7] Polar projections of the HST images can be rotated
so that they are ﬁxed in System III (S3). On such maps, a
moving auroral feature located equatorward of the main oval
usually denotes the presence of an auroral footprint. On most
maps of the southern aurora and possibly on some maps
of the northern aurora, two moving spots (typically > 10
above the detection level) can be found close to the foot of
the magnetic ﬂux tube passing through Ganymede (Figure 1
and Animations S3–S8). As shown by Grodent et al. [2009],
the GFP’s brightness varies signiﬁcantly on timescales of
minutes. As a consequence, during a given 45 minute long
image sequence, a faint spot can signiﬁcantly dim or even
temporarily disappear below the detection threshold (a few
kR depending on the background emissions). Its identiﬁca-
tion is nevertheless made possible by its repeated appearance
close to the main GFP spot (i.e., moving similarly relative
to the S3 ﬁxed main aurora). However, it also occurs that
for a similar longitude range, two spots are observed on one
sequence and only one can be seen on another sequence.
We suggest that this lack of detection, especially in the
north, is probably due to the limited sensitivity of the HST
UV cameras.
[8] The distance between these auroral spots varies as a
function of the S3 longitude of Ganymede (Figure 2a). More
speciﬁcally, this distance increases between –60ı and 60ı
and then decreases between 60ı and 110ı. It also appears
to increase again around 150ı. If the secondary spot is
a RAW spot, then this distance should still decrease to
reach a minimum around 200ı (Figure 2a (bottom, short-
dashed line) and Animation S2), while it should display
an opposite behavior for a TEB spot (Figure 2a (bottom,
long-dashed line) and Animation S1) [Bonfond et al., 2009].
However, the GFP spots are located close to the limb on
the few images showing the footprint around 150ı, which
increases the uncertainty in their positions and thus on the
interspot distances.
[9] Figure 2b shows a sequence of three images acquired
on the same day. The S3 longitudes of Ganymede were
61ı, 110ı, and 145ı, respectively. While two spots could be
clearly seen on the ﬁrst and the third images, only one spot
is identiﬁed on the second one. If the secondary spot is a
TEB spot, such a behavior could be interpreted as the merg-
ing of the MAW and the TEB spot as Ganymede crosses the
centrifugal equatorial plane. However, the lack of detection
of the secondary spot could also result from dim emissions
below the detection limit.
[10] As seen in Figure 2, the maximum distance between
the spots is 4300 km. As the southern GFP footpath is
115,300 km long, this shift corresponds to  13ı of longi-
tude. The Alfvén propagation time from Ganymede ranges
from Tmin  140 to Tmax  1060 s and is  600 s at 0ı cen-
trifugal latitude (see the supporting information). In a frame
ﬁxed with Ganymede, the plasma corotates with Jupiter in
10 h, i.e., with an angular velocity  = 0.01ı/s. If the
interaction is linear [Jacobsen et al., 2007], the maximum
distance between the MAW spot and the TEB spot should
theoretically correspond to
(Tmax – Tmin)  10ı.
[11] The time difference roughly corresponds to the time
required by the Alfvén waves to cross the plasma sheet from
one side to the other. In the case of a RAW spot, the Alfvén
waves have to cross the plasma sheet twice so the maximum
4978
BONFOND ET AL.: GANYMEDE FOOTPRINT MULTIPLICITY
a)
b) 21 January 2001 20:42Ganymede S3=144.4°
CML=122.7°
21 January 2001 19:42
Ganymede S3=109.9°
CML=86.0°
21 January 2001 18:16
Ganymede S3=61.0°
CML=34.2°
90°
°081°081°081
°09°09
Figure 2. (a) Interspot distance between the two spots of the Ganymede footprint. (top) The colored lines connect points
from the same HST orbit. The error bars assume a selection uncertainty of 1 pixel for the ﬁrst spot and 2 pixels for the second
one. (bottom) The long-dashed lines show the expected dependence of the distance for a trans-hemispheric electron beam
spot (arbitrary units). In this case, the two spots merged as Ganymede crossed the centrifugal equator. The short-dashed line
shows the expected behavior of the distance for a reﬂected Alfvén wing spot. In this case, the minimum distance is expected
when Ganymede is at its northernmost centrifugal latitude ( 200ı S3). (b) Polar projections of three images acquired on
21 January 2001 at 18:16, 19:42, and 20:42 UT, respectively (see Animation S4). Two GFP spots can be identiﬁed on the
ﬁrst and the third images, as Ganymede was either south or north of the centrifugal equator, respectively. Only one spot is
visible on the second image, as Ganymede was close to the centrifugal equator.
longitudinal shift should be  20ı, which is much larger
than observed.
3.2. Plasma Sheet Density Variations
[12] As mentioned before, the Ganymede footprint has
been repetitively observed in conﬁgurations where the
Ganymede S3 longitude was quasi-identical. For example,
Figure 3a shows two polar projections of images acquired
on 20 February 2007 and 24 May 2007, respectively. Each
image is part of a series of 19 images acquired during the
same HST orbit, and in both cases, the global trend is a
decrease of the interspot distance. However, in the February
image, the distance is twice as small as the one from May
(2400 km compared to 4300 km). A 450 km equatorward
shift of the ﬁrst spot is also noticeable. Such a shift rep-
resents  0.4ı of latitude and is smaller (but on the same
order of magnitude) than the GFP location shifts already
published [Grodent et al., 2008a; Bonfond et al., 2012]. A
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Figure 3. (a) Polar projection of images acquired in very similar conﬁgurations (see Animations S5 and S6). Despite the
fact that the Ganymede System III longitude is quasi-identical in both cases, signiﬁcantly different interspot distances were
observed. (b) Polar projections of images acquired in relatively similar conﬁgurations before and after the iogenic outburst
peaking on 30 June 2007 [Yoneda et al., 2009, 2013] (see Animations S7 and S8). The increase of the interspot distance on
2 June 2007 could be related to this event.
possible explanation for both the larger interspot distance
and the shift is that the plasma sheet density signiﬁcantly
increased between these two observations. Whatever the
nature of the secondary spot, the interspot distance is directly
related to the delay between the arrival time of Alfvén waves
launched in opposite directions. Since a denser plasma
sheet increases the Alfvén propagation time, it also directly
increases the interspot distance. Additionally, a denser cur-
rent sheet further stretches the magnetic ﬁeld lines, leading
to a more equatorward mapping of the GFP [Grodent et al.,
2008b]. Moreover, such a behavior could be related to the
progressive expansion of the main auroral oval, which has
been observed during the same epoch and which has been
attributed to an increased mass outﬂow rate [Bonfond et al.,
2012]. These events may be related as an increase of the
iogenic plasma input very likely leads to simultaneous
increases of the magnetospheric plasma density and of the
radial mass outﬂow rate.
[13] Another example of comparison between images at
similar longitudes can be seen in Figure 3b. These images
have been acquired on 19 May 2007 and 2 June 2007,
respectively. The central meridian longitude (CML; 34.7ı
compared to 355.7ı) and Ganymede’s longitude (353.3ı
compared to 348.3ı) are not as similar as in the ﬁrst exam-
ple, but these two images of the southern aurora have
been obtained right before and after the spectacular sodium
nebula brightening of 30 May 2007 [Yoneda et al., 2009].
Concurrently with this enhancement, the intensity of the
hectometric (HOM) radio emissions unrelated to the solar
wind signiﬁcantly decreased [Yoneda et al., 2013]. On the
ﬁrst image, the spots are 1700 km apart, while on the sec-
ond one, the gap reaches 3200 km. For these longitudes,
Ganymede is essentially outside the plasma sheet, and the
southward going Alfvén waves are relatively unaffected by
plasma sheet density variations. However, the northward
going Alfvén waves generating the TEB spot and the RAW
spot in the southern aurora have to cross the plasma sheet
once or twice, respectively. An increase of the plasma sheet
density is thus a very plausible explanation for the observed
behavior. The time interval between the beginning of the
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sodium outburst (25 May) [Yoneda et al., 2009] and its likely
consequence at Ganymede (2 June) is 8 days. Bagenal and
Delamere [2011] estimated the radial transport time from Io
to Ganymede to range between 11 and 60 days. Acknowl-
edging that the increase of the plasma supply could precede
the detection of the sodium outburst by a couple of days
[Yoneda et al., 2010], our result is thus fairly consistent with
the lowest value.
4. Conclusions
[14] A second GFP spot is quasi-systematically observed
in the southern hemisphere and occasionally seen in the
northern hemisphere. The spacing of these spots evolves
with the S3 longitude of Ganymede, reaching a maximum
of 13ı. This longitudinal shift corresponds to a single cross-
ing of the current sheet, which suggests that the second spot
is caused by a trans-hemispheric electron beam, by anal-
ogy with the Io case. This conclusion is strengthened by the
fact that the interspot distance appears to increase around
150ı S3, in accordance with expectations for a TEB spot.
Further evidence is the identiﬁcation of either very close
spots or only a unique spot around 110ı S3. Again, this
behavior matches the expectations for a TEB spot, as the
main and TEB spots are expected to merge and then sep-
arate again as Ganymede crosses the centrifugal equator.
Together, these three pieces of evidence strongly suggest
that the bidirectional electron acceleration process related to
dispersive Alfvén waves [Jones and Su, 2008; Hess et al.,
2010] is also at play at Ganymede and is thus likely a typical
consequence of the satellite-magnetosphere interactions.
[15] The large HST image database acquired during
spring 2007 allows us to compare observations acquired in
very similar conﬁgurations at different times. For all the
cases from this campaign, for a given S3 longitude, the
interspot distance increased with time. One could possibly
relate this behavior with the progressive expansion of the
main auroral oval which took place in the same period [Bon-
fond et al., 2012]. Both phenomena could be a consequence
of an enhanced mass output from Io, which would increase
both the plasma density and the mass outﬂow rate. Indeed,
 8 days separated the start of the sodium outburst [Yoneda
et al., 2013] and the increase of the interspot distance in early
June 2007. Additionally, the time interval between the out-
burst and the disruption of the HOM radio emissions is < 13
days long [Yoneda et al., 2013]. These numbers are consis-
tent with the lowest estimates of the radial transport time
from Io to Ganymede (11 days) [Bagenal and Delamere,
2011].
[16] As a consequence, the interspot distance of the dif-
ferent footprints could be a valuable proxy for assessing the
density of the plasma sheet based on images of the aurora
(from Juno, for example). However, simultaneous observa-
tions of both the aurora and the plasma torus/plasma sheet
could be useful to calibrate the method and assess the effect
of nonlinearities in the far-ﬁeld satellite-magnetosphere
interaction [Jacobsen et al., 2007].
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